A reliable method for determining malodorous reduced sulfur compounds (RSC) in atmospheric samples has been developed. The method uses an activated coconut 25 solid-phase sorbent for active sampling, hexane as desorption solvent, and gas chromatography-mass spectrometry (GC-MS) technique for specific and sensitive separation-detection. The compounds analyzed were hydrogen sulfide, ethyl mercaptan, dimethyl sulfide, carbon disulfide, butyl mercaptan and dimethyl disulfide. 
INTRODUCTION
The presence of malodor species in the atmosphere causes a wide variety of social, environmental and health problems [1] . Odorous emissions are complex mixtures of 45 pollutants directly discharged and by-products derived from biochemical reactions occurring under anaerobic conditions. Then, the sources of malodor are found to be including a variety of man-made activities such as chemical plants, oil refineries, sewage and wastewater treatment plants, landfills, livestock facilities, among others [2, 3] . These emissions are mainly composed of volatile chemicals, such as alcohols, 50 fatty acids, aldehydes, ketones, inorganic nitrogen derivates, organic and inorganic sulfur compounds [4, 5] . Between them, reduced sulfur compounds (RSCs) have a relevant contribution, yielding very unpleasant odor perceivable by humans [2] . In fact, its presence in the atmosphere is a relevant nuisance to local populations [6] . Industrial sources of RSCs include fugitive emissions (leakages) from the steel industry, pulp and 55 paper mills, refineries, incinerators, landfills, and sewage treatment facilities. Higgins et al. 2006 [7] studied the mechanisms for production and degradation of sulfur compounds, key molecules that cause odor produced by biosolids. Additionally, their chemistry in the atmosphere has significant implications for global climate changes by impact radiative forcing, ozone layer depletion and the acidity of precipitation [8] . These 60 observations accentuate the need for additional studies for odor mitigation and an increasing demand for methods for monitoring the emissions at the sources and at the influenced areas.
Intensive sampling campaigns and the recent developments in analytical methodologies have contributed to improve the characterization of odorous emissions 65 [1] . The major RSC released from malodor environments are hydrogen sulfide (H2S), alkyl mercarptan (R-SH), dimethyl sulfide (CH3SCH3), dimethyl disulfide (CH3SSCH3) and carbon disulfide (CS2) [2] . However, their determination in air samples is still a great challenge, e.g. their high reactivity leading to losses during sampling and analysis. 70
Several systems have been studied for capturing RSCs, such as glass bulbs, canisters, Tedlar film bags, solid-phase micro-extraction, cryo-sampling, and cartridges [3,9-13].
Nevertheless, a revision of this stage is required to overcome drawbacks such as low efficiency, interferences due to atmospheric water, and artifacts associate to the matrix.
The use of scrubbers has been proposed to control and avoid the effect of oxidants, 75 such as SO2, O3, humidity, and NOx, during sampling [14] . However, they introduce more variability, reduce the sampling flow, and alter the caption/retention capacity of sampling surface. But, the most important restriction is the short storage time; for instance, samples collected by Tedlar bags must to be analyzed before 24 h or high losses have been reported [6] . Related to the extraction stage, thermal desorption is 80 generally used due to its easy and reduced-time cost and its compatibility with several sampling strategies, but different limitations have been reported for the more volatile RSCs [9, 15] . On the other hand, the use of organic solvent desorption present advantages such as very selective elution, usually highly efficient, applicable to a wide range of concentrations, and can be performed manually or automated with simple 85 equipment. In addition, important efforts have sought the development of a fast, accurate method for quantifying captured RSCs present at very low concentrations.
Gas chromatographic combined to mass spectrometry (GC-MS) methods, including a pre-concentration or derivatization step, are the most selected option [2, 12, 16] .
Alternatively, electronic noses have been developed for a rapid measurement of 90 malodor compounds, but the sensibility of these devices is quite reduced [17] .
In a recent research, we have determined CS2 in air samples from pulp industry with excellent performances [18] . The goal of the present study was to extend this innovative approach by developing of a fast, sensitive, reproducible and efficient fingerprint method, improving the current state of the art. The proposed approach is 95 based on solid-phase sampling by activated charcoal surfaces, desorption with organic solvent, separation by gas chromatography without derivation, and detection by mass spectrometry. The studied RSCs included hydrogen sulfide, ethyl mercarptan, dimethyl sulfide, carbon disulfide, butyl mercaptan, and dimethyl disulfide. The physicalchemical information of six target malodor RSC compounds is shown in Table 1 . 100
EXPERIMENTAL

Reagents
Hexane and toluene as HPLC grade solvent were purchased from Scharlau (Barcelona, Spain). Hydrogen sulfide as gas state (>99%), ethyl mercaptan, dimethyl 105 sulfide, carbon disulfide, butyl mercaptan and dimethyl disulfide as liquid state (>99%) were used supplied by Sigma Aldrich (Steinheim, Germany). Solid-phase support were Anasorb CSC coconut charcoal (50/100 mg) combined with sodium sulfate dryers 
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RESULTS AND DISCUSSION
Chromatographic method
The GC-MS variables were optimized for the simultaneous determination of targeted malodor compounds. Regarding chromatographic separation, previous studies for RSC determination used high apolar columns (e.g. DB-1) or long columns composed by 185 diphenyl dimethyl polysiloxane [5, 15] . In the present research, the selected column was 5MS column with a length of 30 m, based on the better results obtained in our previous study for the single detection of CS2 [18] . This column showed a very low bleed and excellent inertness for active compounds, present in gaseous samples. A factorial design was performed to evaluate the influence of other chromatographic parameters. Quantification limit was calculated as ten times the standard deviation of the chromatographic noise from injecting blank solutions. The values, ranged from 3 (dimethyl disulfide) to 364 ng L -1 (hydrogen sulfide). Reproducibility, expressed as 225 relative standard deviation (five replicates), was lower than 6 %. In conclusion, the analytical performances were adequate for the analysis of organic solutions containing RSC at trace levels.
Sampling and extraction conditions
An efficient sampling of atmospheric volatile compounds depends on the sampling 230 support and the later extraction procedure. Particularly, the determination of volatile RSCs has several important difficulties, including their low range of concentrations and their highly reactive nature. According to our previous experiments [12] , activated coconut charcoal sorbents are excellent materials for trapping CS2 by an adsorption mechanism. In the present research, two solid-phase supports (Orbo-32 and Anasorb 235 CSC) were used and compared to Tenax, a solid-supports previously described for capturing RSCs [6] . The proposed cartridges are extremely porous materials, with a large surface to volume ratio and a small diffusion distance. For recovering targeted pollutants from tested trapping materials, solvent desorption 245 was studied. The best protocol was sampling with Anasorb CSC supports followed by hexane as extraction solvent at extraction volume of 2 mL. The analysis of blank air samples demonstrated that no contamination occurred, yielding clean chromatograms.
The select method also avoided overlapping peaks between RSCs and method reagents, e.g. solvent residues. Table 3 shows the recovery percentages for extraction 250 step, of both types of supports employing hexane, toluene and methanol as solvent extractor. The results under the best protocol extraction -SKC support and hexane as solvent -were hydrogen sulfide (71.4%), ethyl mercaptan (93%), dimethyl sulfide (85%), carbon disulfide (95%), butyl mercaptan (75%) and dimethyl disulfide (97%) respectively, reaching a mean recovery of 86 %. This method was compared to 255 sampling with TENAX cartridge and thermal desorption. The recoveries ranged from 55.5 % (hydrogen sulfide) to 81.8 % (carbonyl disulfide), respectively. Therefore, significant differences were observed between both methods (paired t-test, pvalue<0.01). The values using coconut charcoal sorbents were similar better to those previously reported using other solid-supports [12] [13] [14] [15] Other problems in the sampling of malodor volatile compounds in ambient air, including RSCs, are the humidity effect and the interference caused by atmospheric oxidants [6] . . Quantitative recoveries were 285 obtained, being the values comparable to control experiments (test t: p-value>0.01).
The stability of the RSC malodor compounds on coconut charcoal sampling cartridges was assessed to guarantee applicability for field atmospheric monitoring. For that, their concentrations were determined after storage at two conditions. The short-term storage study shows that RSCs had important losses after 5 days at 4 ºC (Figure 2) . However, 290 the losses were lower than 10 % for time intervals up to 2 days (t-test, p>0.05). The long-term storage study indicated no changes were detected for samples stored for a time interval of 3 months at -20 ºC (test t: p-value>0.05). These results were better than the obtained by sampling methods based on Tedlar Bags [12] , Tenax TA cartridges [15] , Carbotrap, Carbopack X and Carboxen 569 cartridges [2] and SPME [13] . These 295 approaches require short storage of sampling supports; thereby the sample analysis must carried out before 24 h to avoid losses of RSC. Thus, the proposed method based on activated coconut charcoal cartridges overcome the current monitoring techniques of sulfur malodor compounds.
Figures of merit
The analysis of spiked samples prepared by serial dilution in pure air provided the calibration curves, including all steps of the analytical procedure. Good linear correlations were found (r 2 >0.98). Table 4 analyzed by GC-MS [8] . Our values were similar than those using cryofocusing sampling system coupled to a thermal desorption, analyzed by GC-PFPD (pulsed flame photometric detector) [16, 19, 21] .
Replicate analysis, from ten fractions of an air sample at 0.1 mg m -1 of selected compounds, confirmed the good precision of the proposed method ( Table 4) . The 315 relative intra-day reproducibility ranged between 3 and 16 % (mean 9%) and the relative inter-day reproducibility ranged between 10 and 25 % (mean 17%). These values were similar than previously reported [2, 13] . 
Analysis of environmental samples
The methodology was applied to ambient air samples collected at three different areas close to three landfills, which process high amounts of urban and industrial wastes. The emissions contained between 3 and 5 of the studied RSC compounds. The 4-carbon 340 compound (butyl mercaptan) was no detected in any sample, and hydrogen sulfide and ethyl mercaptan were measured in all the samples. Significant differences on RSCs values were observed, but not between landfills. Figure 3 , respectively.
Similar concentration levels were reported in a landfill site, including municipal solid waste-related area, the leachate-related area and the sludge-related area [4] . Lower and higher concentrations were determined at landfills in China [2, 5] . Mostly, the data could be explained due to the wide variability of the urban residues treated in these 355 landfills [1] . Therefore, these results emphasize the need of methods that allow intensive sampling campaigns for these malodor sources compared to other industrial emissions, e.g. pulp industry [18] .
The environmental implications of this sampling campaign were evaluated, calculating the total reduced sulfur compounds (TRS), as the sum of concentrations of our 360 determined RSC compounds, since any additional molecules containing sulfur atoms were identified in the chromatograms. According to the classification of air quality based on TRS thresholds, 60% of the samples were categorized as very poor air quality (TRS>1000 ppbV), indicating a severe malodor. In the rest of the cases, air quality was poor (28>TRS>999 ppbV), indicating a strong malodor. A discussion is 365 described based on the obtained results. First, the method provided fingerprint information, indicating which malodor compound was emitted and their concentration level. Hence, at this stage, the hypothesis that hydrogen sulfide and ethyl mercaptan are the substantial components of malodor phenomenon in the studied landfills could be drawn. Second, the analytical performances of developed method are suitable for 370 the control of environmental guidelines. This study showed that the carbon disulfide concentration levels exceeded European regulations in 100% of the cases studied This study, focused on the malodor emissions from landfills, reinforced the need for 385 analytical tools for a systematic monitoring of RSCs, since their presence was detected in a high concentration levels and in a high number of samples. This fingerprint characterization of malodor pollution will help us to protect human and environmental health from possible adverse effects generated by the diverse human activities.
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TABLE CAPTIONS
Blond m/z fragments indicates the selected ion for the MS detection by SIM mode. 490 Table 2 . Analytical performances of GC-MS methodology in SIM mode (n=10). Table 3 . Recovery percentages sampling by coconut charcoal sorbents and solvent extraction (n=5). 495 Table 4 . Method detection and quantification limits, reproducibility and percentage of recovery for RSC compound selected (n=10). 
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